In this study a new hybrid RANS/LES turbulence model within the frame work of the Multi Relaxation Time (MRT) Lattice Boltzmann method (LBM) was used to study particle dispersion and deposition in a room. For the hybrid RANS/LES method the near wall region was simulated by the RANS model, while the rest of the domain was analyzed using the LES model within the framework of the LBM. In the near wall layer where RANS was used, the turbulence model was employed. To simulate the particle dispersion and deposition in the room, particles with diameters of 10nm to 10 µm were investigated. The simulated results for particle dispersion and deposition showed that the predictions of the present hybrid method were quite similar to the earlier LES-LBM. In addition, the predictions of the hybrid model for the particle deposition and dispersion were closer to LES simulation results compared to those of the model.
Introduction
It is well-known that people spend more than 85% of their time indoor and most of their exposure to environmental pollutants occurs by breathing the indoor air. Therefore, indoor air quality (IAQ) has received increasing attention in the recent years as an important public health issue. In the last decade, computational fluid dynamics (CFD) has become a powerful tool for studying IAQ under various conditions [1] [2] [3] [4] . The lattice Boltzmann method (LBM), is a relatively new, efficient and easy to use computational model that has increasingly attracted the attention of researchers in different areas.
The LBM has been used for simulation of turbulent flows, multi-phase flows, single and multiphase flows in porous media and particulate suspensions in the past two decades [5, 6] . The most widely used method for simulations of indoor airflows is to solve the Reynolds-Averaged Navier-Stokes (RANS) equation in conjunction with the use of a turbulence model. Among various RANS turbulence models, the two-equation model is most popular. The RANS model, however, simulates the mean flow velocity and mean-square fluctuation fields but cannot predict the fluctuating velocity field [7] .
For using the model in the frame work of LBM, two approaches have been used. In most earlier works, a separate finite difference grid is created and for solving the (or other) transport equations and then returning the calculated values into the LBM framework for evaluating the eddy viscosity and turbulent stresses [8, 9] . Recently, a new method was suggested in [10] [11] [12] that introduces two additional populations for and , and solve the equations within the LBM with no need for a new grid.
The large eddy simulation (LES) solves for the large eddies, and only models the fluctuations that are smaller than the grid size. The LES approach typically provides more accurate results for airflow modeling compares to the RANS models and also provides the turbulent fluctuation velocity that are larger than the grid size. Due to these advantages the use of LES model for simulating indoor airflows has markedly increased in the last decade [13] [14] [15] . The LES model in framework of LBM was also used for investigating turbulent flows for different applications [16, 17] . A major difficulty for using LES for simulating the indoor airflow is solving for the near wall flows requires very fine grid for capturing the large eddies which increase the computational cost significantly [18] .
As was noted before, while the LES model leads to accurate results, the required computation times are quite high. The RANS model, however, does not provide information on the instantaneous fluctuation velocity field. To overcome the disadvantages of LES and RANS, the hybrid RANS/LES concept was introduced for flow simulations in the past decade [19, 20] . The basic idea of the hybrid model is to use the LES model in the bulk of the domain, while using RANS model to simulate the near wall regions to avoid the need for very high resolution grid.
For the RANS region different models such as , , Spalart-Allmaras (SA) and v2f models have been used [21, 22] . Recently Sajjadi et al. [18] developed the hybrid RANS/LES model within the LBM framework for solving turbulent flows in indoor environment where the -LBM and the LES-LBM models were used. They concluded that the computational cost for using the hybrid model is considerably lower in comparison with the LES but is higher than the RANS approach, while the accuracy of the hybrid RANS/LES predictions is much higher than RANS but somewhat less than LES. In addition, they showed that the new hybrid model predicts the large scale fluctuation velocity field cost effectively when compared with the LES.
Particle dispersion and deposition in turbulent flows and in particular in indoor environment has attracted considerable attention in the recent years [23] [24] [25] [26] . Fan and Ahmadi [27] proposed a sub-layer model to capture the effect of near-wall vortical structure of turbulent flows on particle deposition in vertical ducts. Zhang and Ahmadi [28] used the direct numerical simulation technique for simulating particle deposition in turbulent duct flows. Salmanzadeh et al. [29] showed the effect of subgrid scale (SGS) model on the large eddy simulation (LES) of particle deposition in turbulent channel flow. Recently, Sajjadi et al. [12] developed a new -LBM method and simulated particle deposition in turbulent channel flows and found reasonable agreement with the earlier numerical and experimental results. Sajjadi et al.
[11] also investigated particle transport in a modeled room using the LES-LBM and the -LBM approaches. They showed that both methods predict particle dispersion and deposition in the indoor environment reasonably well.
Applications of hybrid RANS-LES within the LBM for particle dispersion and deposition have not been tested as yet. The main aim of this work was to use the hybrid RANS-LES within the LBM framework to investigate the particle transport processes in an indoor environment. The
Lagrangian particle tracking approach was also used in these simulations and the dispersion and deposition of particles of different sizes were studied. For nanoparticles the effect of Brownian excitations was included in the analysis. It was shown that the hybrid-LES--LBM model predicts the particle deposition more accurately than the -LBM but is slightly less accurate than the LES-LBM while is computationally more economical.
Hybrid LES/RANS model based on LBM
To reduce the computational cost of simulations while maintaining the accuracy, the hybrid LES/RANS model is used. That is, the LES with a subgrid-scale model is use for bulk of the flow region, while the RANS model is used for the near wall regions. In this study, the LBMmodel was used to analyzing the RANS region near walls, and the MRT-LBM-LES model is used for simulating bulk of the flow region. Details of the LBM-, MRT-LBM-LES and the hybrid models for flow simulations were described by Sajjadi et al. [12] , [11] and [18] .
Therefore, only a brief summary is outlined.
For the LBMmodel two additional distribution functions for the k and ε were defined.
These are:
The transport equations for the new distribution functions are:
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Here C 1 =1.44, C 2 =1.92 and the turbulence kinematic viscosity for RANS model is given as:
For the MRT-LBM-LES to evaluate the distribution function, the following transport equation is used: 
In the new hybrid method the transport equations for k and ε are solved in the entire flow domain and the distribution function for the MRT-LBM-LES is solved in bulk of the flow region. In addition very close to the walls the standard wall function was used [12] .
To switch between the MRT-LBM-LES and the LBMmodel, a linear interpolation based on the y+ value is used [30] . That is, ,
t LES up t t k t LES down up t k down if y y if y y y if y y
where β is the weighting factor: 
Particle Motions
The equation of motion of small particles is given by [11] ,
where u pi is the particle velocity, u fi is the instantaneous airflow velocity at the particle location, τ p is the particle relaxation time, given as:
, S is the ratio of particle density to fluid density. Here c C is the Cunningham slip correction, and given as:
In Equation (10), D C is the drag coefficient and defined as, 24 
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where Re p is the particle Reynolds number that is defined as, Re
In Equation (10) the drag force, the buoyancy force and the Brownian force, are included in the particle equation of motion, but the lift force which are comparatively small is neglected [11] .
The first term on the right-hand side of Eq. (10) 
Modeled geometry
In this study to test the newly developed method for predicting particle dispersion and deposition, a scale room model was used. This configuration is identical to one studied in [31] for examining the effectiveness of the hybrid approach for airflow simulation. As shown in Reynolds number based on the inlet length and an inlet airflow velocity is 1628.
Results and discussion

Flow field
Results for the airflow field in the modeled room which is used in the present work utilizing the hybrid method have been investigated by the present authors in reference [18] . It was shown that the hybrid LES/RANS model within the LBM framework predicted the mean flow field and the RMS velocities fluctuation reasonable well.
Particle dispersion and deposition
In this section particle dispersion and deposition processes for various particles sizes (10nm, 100nm, 1µm and 10 µm) in the room were simulated. The unsteady airflow was first simulated for about 70s to reach a roughly quasi-steady condition, and then the particle injection was initiated with 144 particles injected uniformly at the inlet with the same velocity as the airflow at every 0.05s. Particle injection was stopped when the simulation time reached to 100s. Therefore, a total of 86,400 particles were injected into the flow. Figure 2 compares the number of suspended 1µm particles in the room as predicted by different models. The earlier simulation of Sajjadi et al. [11] and Tian et al. [31] are shown in this figure for comparison. Two boundary conditions (BC) were used for particle-wall interactions; the first boundary condition is "reflect," for which when a particle collides with a wall, it bounces back. This is the assumption used by Tian et al. [31] . The second BC is "trap." When the distance of particle center from the wall reaches to dp/2, it is assumed that the particle is deposited on the wall. It should be pointed out that for 1 and 10 µm particles the trap boundary condition is more realistic, as the van der Waals forces cause these small particles to adhere to the surface, with little chance for rebound [27] . The reflect boundary condition here was just used for comparison of the present simulation results with the earlier results of Tian et al. [31] . Figure 2 clearly shows that the number of suspended particle increases with time up to t=100s when the injection stops, and then the number decreases gradually due to particle deposition and those that are leaving through the exit register. Figure 2 also shows good agreement of the prediction of current hybrid RANS/LES model with those of the LBM-LES of [11] and LES of [31] . It is also seen that the present hybrid RANS/LES model predicts results that close to the LES results and somewhat improves the predictions of the LBMmodel [11] . condition, which is more realistic for 10 µm particles, is used the number of suspended particle declines considerably, and the amount of reduction after 160 s reaches to about 50%. Also, the deviation between the present hybrid LES/RANS model predictions and the LES of Sajjadi et al.
[11] is less than 4% for t < 120 s and is about 16% at t =145s.
For trap boundary condition the number of suspended 10 and 100nm particles are shown in figures 4 and 5. It is seen that the trend of variation of number of suspended particle show the same pattern as those of 1 and 10μm particles. These figures also show that the hybrid model captures the dispersion and deposition of 10 and 100nm particle more accurately than the model. In addition, figures 4 and 5 show that the model overestimates the particle deposition rate as discussed in [11] and [12] so that number of suspended particles predicted by the model is less than the other models. However, the hybrid model seems to lead to more realistic results. This is because after injection, particles move up toward the outlet and some particles reaching to the ceiling and depositing. This figure also shows that the smaller particles have higher deposition rate on the ceiling compare to the larger sizes due the effect of gravity and also higher Brownian motion. Figure 6 -b shows that the number of deposited 10µm particles on the floor is quite high, and more than 30% of total injected 10µm particles are deposited on the floor after 160 s. The amount of deposition of 10µm particle on the floor is also an order of magnitude higher compared to other sizes. This is due to the particle inertia in the inlet jet toward the floor and also the gravitational effect. The smaller particles with much less inertia follow the airflow and do not deposition on the floor. Figure 6 -b also shows that when the time reaches to 100s that the particle injection stopped, the slope of the deposition rate decreases. This is certainly the case for 1µm particles and smaller. In addition, because of the Brownian excitation the number of deposited 10nm particles is slightly more than 100nm and 1µm particles. Figure 6 c, e, f and g show, respectively, the number of deposited particles on the right, front, back and partition walls. It is seen that the cumulative deposition for these walls have the same trend but the rate of deposition varies with time and for different particle sizes. After 120s (20s after the injection stopped) the total deposition seems to saturate and do not change appreciably. Total numbers of deposited particles of different sizes on the walls are shown in figure 6-h.
As noted before, due to inertia and gravity, the deposition of 10µm particle is more than other sizes. In addition, the deposition of 10nm particles is more than 100nm and 1µm because of the more intense Brownian excitation. For 10μm particles, figure 10 shows that the predictions of total deposition by the three models are closer to each other, while similar but milder differences are seen. The reason is that for 10μm particles, the impaction dominates the deposition process and the influence of turbulence deposition becomes smaller.
Conclusions
The Hybrid RANS/LES in conjunction with the Lattice Boltzmann method was used to simulate particle dispersion and deposition in a room. For the LES model the sub-grid scale turbulence effects were included through the Smagorinsky model. For using the turbulence model within the framework of LBM, the formulation was enhanced by the addition of two populations for k and ɛ . For the hybrid RANS/LES method, the near wall region was simulated using the model and the bulk of the flow region was analyzed by the LES model using the LBM. Deposition and dispersion of particles with diameters of 10nm-10µm in a room were analyzed. Based on the presented results, the following conclusions are drawn:
 The predictions of the hybrid RANS/LES for particle deposition and dispersion is more accurate than RANS but somewhat less accurate compared to the LES results.
Average deviations of predictions of the present hybrid model and the RANS method for deposition of 10µm particle in comparison with the LES results are, respectively, 8% and 12%.
 The model overestimates the deposition rate because this model cannot capture the anisotropy of turbulence fluctuations correctly.
 With the increase of particle diameter from 10nm to 1µm, the total number of deposited particles in the room decreases by about 15%, due to the decline of the intensity of Brownian excitation.
 Number of deposition for 10µm particle is more than the other sizes studied. This is due to the gravitational sedimentation and inertial impaction. 
